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ABSTRACT
Aristolochic acid I (AAI) is found primarily in the plant Aristolochia. Consumption of products containing AAI has been linked with
permanent kidney damage and urothelial carcinoma. This study applied human proximal tubule epithelial cell line (HK-2) to examine
the relationship among AAI-induced intracellular oxidative stress, DNA damage and MAP kinase activation. High concentrations of
AAI caused a decrease in cell viability and an increase in the activity of caspase 3. AAI treatment also led to a dose-dependent increase
of reactive oxygen species (ROS) in HK-2 cells, and the presence of antioxidant glutathione (GSH) effectively inhibited ROS generation.
Stimulating HK-2 cultures with AAI also led to GSH depletion. Results from single cell gel electrophoresis (SCGE) assays demonstrated
that AAI showed the ability to increase the levels of DNA strand breaks in HK-2 cells. Up-regulation of luciferase activity driven by the
Nrf2 binding element was also observed after 200 µM AAI treatment. Exposure of HK-2 cells with AAI activated both ERK1/2 and p38
kinase phosphorylation, while only the MEK1/2 inhibitor, U0126, significantly decreased the levels of AAI-mediated ROS. In addition,
both U0126 and SB202190 effectively reversed the levels of DNA damage triggered by AAI. This suggests that AAI treatment of HK-2
results in ROS formation and DNA damage. Furthermore, ROS generation occurs via the MEK/ERK1/2 signaling pathway, whereas
DNA damage occurs via both the ERK1/2 and p38 pathways.
Key words: aristolochic acid, reactive oxygen species, DNA damage

INTRODUCTION
Aristolochic acid (AA) is a nitrophenanthrene derivative isolated from the roots of the plant Aristolochia clematitis and has been shown to be a nephrotoxic compound(1) and
genotoxic mutagen(2-3). Clinically, rapidly progressive renal
fibrosis occurs after weight-reducing regimen including
Chinese herbs containing AA has been identified as AA
nephropathy(4). Several clinical presentations have been
described in Taiwan(5), UK(6), France(7) and Spain(8), and
currently AA nephropathy is a problem worldwide(1).
Many studies(9-11) have been conducted involving the
mutagenic and carcinogenic properties of AA, focusing on
the formation of AA DNA adducts, activation of Ha-ras
oncogene and overexpression of p53. In the renal and urethral
tissue of the patients with AA nephropathy, three AA-specific
DNA adducts, including one major (dA-AAI) and two minor
* Author for correspondence. Tel: +886-4-24739595 ext. 32630;
Fax: +886-4-24739595 ext. 32624; E-mail: chrcsmu@yahoo.com.tw

adducts (dG-AAI and dA-AAII), have been identified(9-10).
The major adenine adduct of AAI, dA-AAI, is detectable at
relatively high levels in native kidney tissue up to 89 months
after patients stopped taking the herbal medicine(9). Furthermore, the dA-AAI adduct was also highly persistent in the
kidneys of rats(11).
Recently, Liu et al. examined the effect of AAI on renal
tubular epithelial Madin-Darby canine kidney (MDCK)
cells. Significant apoptosis was observed with AAI at as low
as 25 μM, following exposure for 24 h. In addition, the levels
of reactive oxygen species (ROS) were increased following
treatment with AAI at concentrations of 5, 25 and 25 μM,
respectively, for 4 h(12). Administration of AA to Wistar rats
for 5 days leads to oxidative stress, active caspase-3 expression, and mitochondrial injury within tubular cells(13). In
addition, a rapidly growing amount of literature suggests
that a transient increase in ROS levels is closely associated
with various signaling molecules, including those in MAPK
pathways(14,15). Therefore, in the present study, human renal
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tubular cell (HK-2) was used as a model to examine the
relationships among AAI-induced oxidative stress, DNA
damage and MAPK pathway activation.

reader (Perkin Elmer, Boston, MA, USA) with excitation set
at 405 nm and emission at 535 nm.

MATERIALS AND METHODS

ROS levels were determined based on Kim et al.(18) with
a slight modification. HK-2 cells (8 × 103/per well on a 96-well
tissue culture plate) were cultured for at least 18 h in 50 μL
of complete medium, and then 50 μL of H2DCF-DA (20 μM)
in Krebs-Ringer HEPES (KRH) buffer was added. Thirty
minutes after incubation, the probe-containing medium
was removed and various concentrations of AAI in medium
were added and incubated for another 18 h at 37°C. For the
experiments using inhibitors, after H2DCF-DA-containing
medium was removed, antioxidant or MAPK inhibitors were
added 2 h before co-incubation with AAI for another 18 h.
Since H2DCF-DA is hydrolyzed and oxidized by intracellular ROS to 2,7-dichlorofluorescein (DCF), the fluorescence
of DCF was analyzed in an HTS 7000 Bio Assay Fluorescent
Plate Reader (Perkin Elmer Life Sciences) at an excitation
wavelength of 485 nm and emission at 530 nm.

I. Reagents
Pure AAI (Cat. No. 5512) was purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Cell culture medium
and serum were obtained from Life Technologies (Grand
Island, NY, USA). Rabbit polyclonal antibodies against
phospho-ERK1/2 (Thr202/Tyr204), ERK1/2, phosphor-p38,
p38 kinase, phospho-JNK/SAPK (Thr183/Tyr185) and JNK/
SAPK were purchased from Cell Signaling (Beverly, MA,
USA). Mouse monoclonal antibodies against α-tubulin and
β-actin were purchased from Sigma Chemical Co. U0126
(MEK1/2 Inhibitor), SB 203580 and SB202190 (p38 inhibitors) were purchased from Cell Signaling (Beverly, MA,
USA). Horseradish peroxidase-conjugated goat anti-rabbit/
mouse IgG secondary antibodies were obtained from Pierce
(Rockford, IL, USA).
II. Cell Culture
Human renal proximal tubular epithelial cell line (HK-2)
was obtained from the Bioresources Collection and Research
Center in Taiwan. HK-2 cells were maintained in DMEM/
Hams F12 supplemented with 10% fetal bovine serum, 100
U/mL of penicillin and 0.1 mg/mL of streptomycin at 37°C in
a humidified 5% CO2 incubator.
III. Cell Viability Assay
HK-2 cells (8 × 103 cells) were seeded in 96-well plates,
treated with vehicle alone (25% ethanol in PBS) or various
concentrations (50 - 200 μM) of AA at designated times.
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay, a method applying the mitochondrial metabolic enzyme activity as an indicator of cell viability, was
conducted following the protocol described in the report of
Liu et al.(16)
IV. Measurement of Caspase-3 Activity
Caspase-3 activity was determined according to the
principle of Gurtu et al.(17) Cells in 35-mm plates (2 × 105
cells/well) were incubated with vehicle or various concentrations of AA for 24 h. Treated cells were washed with 0.01 N
of PBS and resuspended in 100 μL of assay buffer containing
0.1 M of HEPES (pH 7.4), 2 mM of DTT, 1% sucrose and 0.1%
CHAPS. The cell suspension was sonicated and centrifuged
(14,000 × g) at 4°C for 15 min before the addition of 20 μM
of Ac-DEVD-AFC (Sigma), a substrate for active caspase-3
protein. After incubation at 37°C for 1 h, the levels of cleaved
products were measured using a HTS 7000 PLUS bioassay

V. Measurement of ROS Levels

VI. GSH Level Determination
HK-2 cells (2.5 × 105) were plated in a 35-mm petri dish
overnight, prior to experimental manipulation. The cultures
were treated with solvent or AAI for 1 h and then washed with
PBS followed by disrupting the cells in 200 mL of ice-cold
distilled sterilized water containing 30 mM of EDTA. Cell
lyses after centrifugation at 10,000 ×g for 15 min were mixed
with the freshly prepared GSH assay reagent (16.6% of 0.1%
O-phthalaldehyde in methanol and 83.4% of 0.1 M sodium
phosphate buffer (pH 8.0)) at a ratio of 3 : 10. The mixtures
were maintained in darkness at room temperature for 15 min
and then the GSH-O-phthalaldehyde derivative was detected
with fluorescence (excitation/emission: 350/420 nm) by a
fluorescence spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)
VII. Single Cell Gel Electrophoresis Assay (Comet Assay)
A comet assay was conducted based on the principle of
Tice et al.(19) Briefly, HK-2 cells (2 × 105 in a 35-mm plate)
were cultured in a medium containing vehicle alone or
various concentrations of AAI for 24 h. The adherent cells
were then trypsinized and mixed with 1% low-melting-point
agarose at 42°C. The mixtures were immediately transferred
to the CometSlideTM (Trevigen Inc., Gaithersburg, MD) and
the slides were immersed in ice-cold lysis solution (2.5 M of
NaCl, 100 mM of EDTA (pH 10), 10 mM of Tris, 1% sodium
lauryl sarcosinate, 1% Triton X-100, and 1% DMSO) for 1
h. After electrophoresis in an alkaline buffer (300 mM of
NaOH, 1 mM of EDTA, pH > 13) at 300 mA for 30 min, DNA
on the slides was stained with SYBR green I. The image of
each cell on the slides was visualized and photographed
under a fluorescence microscope (Axiovert 25, Zeiss). Each
image was analyzed with the computer software from Euclid
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Analysis (St. Louis, MO, USA) to calculate the tail moment,
a combination of the amount of DNA in the tail with the
distance of migration. For each independent experiment, the
DNA damage levels of 80 individual cells were measured
from each culture.
IX. Western Blot Analysis
HK-2 cells at 80% confluence were pretreated with
or without MAPK inhibitors (20 μM of U0126/ 20 μM
of SB203580/ 20 μM of SB202190) for 30 min, before
co-exposure to AAI for another 24 h. Whole cell extracts
were prepared according to Liu et al.(16) and the protein
concentrations were determined using Bradford protein
assay (Bio-Rad, Hercules, CA, USA). Equal amounts of
proteins (40 µg) from each sample were separated by 10%
SDS-polyacrylamide gel electrophoresis. The proteins were
transferred to nitrocellulose membranes (Bio-Rad, Hercules,
CA, USA), and reacted with primary antibodies specific to
MAPKs (phospho-ERK1/2, ERK1/2, phospho-p38 kinase,
p-38 kinase, phospho-JNK and JNK) for 12 h at 4°C and
then with anti-rabbit secondary antibodies conjugated to
horseradish peroxidase for another 1 h at room temperature.
Bound antibodies on the membrane were detected using an
enhanced chemiluminescence detection system according to
the manufacturer’s manual (Amersham Pharmacia Biotech,
Amersham, UK). The intensities of bands on the blots were
quantitated by densitometric analysis using ImageGauge
software Ver. 3.46 (Fuji Photo Film, Tokyo, Japan). The relative phospho-ERK/ERK and phospho-p38/p38 ratios were
determined by the intensities obtained from three independent experiments.
X. Transfection
HK-2 cells, grown in 3.5-cm culture plates with serum
free medium, were 70 - 80% confluence at the time of transfection. Cells were co-transfected with 2 μg of p2xARE/Luc
and 1 μg of pSV-β-galactosidase control vector (Promega,
Madison, WI, USA) with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s recommendations. The plasmid p2xARE/Luc with two binding
sites (5’-TGACTCAGCA-3’) of nuclear factor-erythroid 2
p45-related factor 2 (Nrf2) was kindly provided by Dr. BeingSun Wung at National Chiayi University(20). Consequently,
the transfected cells were incubated in the CO2 incubator for
6 h prior to replacement with fresh medium containing 10%
bovine serum. Eighteen hours after medium replacement, the
transfected cells were exposed to solvent or various concentrations of AAI for 24 h before determination of intracellular
luciferase activity.
XI. Luciferase Reporter Assay
The total protein extracts from AAI-treated cultures
were prepared by lysing the cells with 1x lysis reagent
containing 25 mM of Tris-phosphate (pH 7.8), 2 mM of DTT,

2 mM of 1, 2-diamino cyclohexane-N’, N’, N’, N’-tetraacetic
acid, 10% glycerol, and 1% Triton X-100. The supernatant
fluid after centrifugation (5 min at 10,000 ×g) was divided
into two parts. One fraction was subjected to luciferase
assay kit (Promega, Madison, WI, USA) and Tropix TR717
luminometer (Applied Biosystems, Foster city, CA, USA)
according to the manufacturer’s instructions. The other
part is for β-galactosidase activity determination; protein
extracts were added into an equal volume of 2× assay buffer
[substrate ONPG (O-nitrophenyl-d-galactopyranoside) 1.33
mg/mL, 200 mM of sodium phosphate buffer (pH 7.3), 2 mM
of MgCl2 and 100 mM of β-mercaptoethanol] and then the
mixtures were incubated at 37°C for 30 min. The reaction
was terminated by addition of sodium carbonate and the
absorbance was read at 420 nm with an Optimax microplate reader (Molecular Device, CA, USA). To account for
the differences in transfection rates, the data of luciferase
activity were normalized to the β-galactosidase activity.
XII. Statistical Analysis
Data were expressed as mean and SEM (standard error
of mean). All statistical analyses were conducted using the
software GraphPad Prism Version 4.0 (GraphPad Software,
San Diego, CA, USA). Experimental data grouped by one
variable were analyzed by unpaired two-tailed t-test or
one-way ANOVA followed by Tukey post test.

RESULTS
I. AAI Decreased Cell Viability and Increased Caspase-3
Activity of HK-2 Cells
To determine the AAI concentrations suitable for
studying ROS formation, the cell viability of HK-2 treated
with vehicle or AAI was examined by the tetrazolium dyebased MTT assay. At a concentration of 200 μM, the cell
viability declined to 85% of control after 24 h exposure
(Figure 1A); however, no significant cell viability difference
was observed when HK-2 cells were exposed for 1 h to AAI
at concentrations up to 500 μM (data not shown). Furthermore, treatment of HK-2 cells with concentrations of 100 μM
or greater caused a significant increase in caspase-3 catalytic activity (Figure 1B). These data suggest that apoptosis
contributes partially to AAI-induced cytotoxicity.
II. AAI Induced ROS Formation and GSH Depletion in HK-2
Cells
The ROS level in AAI-treated HK-2 cells was evaluated
using fluorescent dye H2DCF-DA as the oxidant-reacting
probe. Following treatment of HK-2 cells with various
concentrations of AAI for 1 h, intracellular fluorescence
level increased in a dose-dependent pattern; AAI at 100 and
200 μM increased fluorescence to 1.8 and 3.5 folds of control
levels, respectively (Figure 2A). In addition, when cells were
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DCFH-DA
(fold of control)

pre-exposed to free radical scavengers, including Tiron, site generation on the chromosome(21). Exposure of HK-2 to
NAC, or GSH, before co-incubation with AAI, only GSH 100 μM of AAI led to the formation of a “comet tail”, as shown
showed significant inhibitory effect on the AAI-induced in Figure 3A. Furthermore, administering various concentraROS formation (Figure 2B).
tions of AAI resulted in a concentration-dependent increase in
We further investigated the role of GSH in AAI-induced (A) the tail moment values (Figure 3B). The tail moment values at
ROS, since the intracellular GSH level is generally consid- AAI concentrations of 50 μM and 200 µM elevated to 3.9 and
ered to be closely correlated with ROS generation. HK-2 cells 6.3 folds of the control, respectively. However, preincubation
were treated with solvent or AAI for 1 h before determina(A)
tion of the total GSH content. The GSH level significantly
dropped to 73% of the control group in 500 μM-AAI exposed (A)
5
cultures (Figure 2C), revealing that AAI may induce GSH
4
depletion which contributes to ROS generation.
III. AAI Treatment Led to DNA Damage of HK2 Cells

(A)

(A)

To investigate whether AAI-stimulated ROS contributed to oxidative DNA damage, single cell gel electrophoresis
(SCGE) assay (also named comet assay), in which data were
collected on a single cell base, was applied. The value of tail
(B)
moment indicates the direct strand breaks and/or alkaliabile
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Figure 1. AAI decreased cell viability and increased caspase-3
activity of HK-2 cells. HK-2 cells were treated with vehicle or AAI
for 24 h. (A) The cell viability was determined by MTT assay. (B)
Total cellular proteins were extracted and caspase-3 activity was
measured as described in the Materials and Methods section. The
data from three independent experiments are expressed as the mean ±
SEM. * Significant difference (*p < 0.05; ** p < 0.01) compared to the
solvent-treated control.

Figure 2. AAI induced ROS formation and GSH depletion in HK-2.
(A) HK-2 cells were incubated with 10 µM of H 2DCF-DA for 30 min,
and then the medium was replaced with solvent or various concentrations of AAI for 18 h or (B) HK-2 cells were pre-treated with or
without NAC (10 mM), Tiron (5 mM), or GSH (10 mM) for 2 h and
then incubated with or without AAI (200 µM) for another 18 h. DCF
fluorescence was measured by fluorocytometry. (C) HK-2 cells were
exposed to solvent or AAI for 1 h before determination of the GSH
level according to the Materials and Methods section. All the data
are expressed as the mean ± SEM from at least three independent
experiments. * Significant difference compared to the solvent-treated
control or the paired group.
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(A)

of HK-2 cells with various antioxidants, including NAC, HO-1 protein was not detected in AAI-stimulated cultures,
Tiron or GSH, did not show any effect on prevention but the signal was highly up-regulated by sodium arsenite
of AAI-induced DNA damage (data not shown).
(NaAsO2), a positive control (Figure 4B).
To correspond to ROS generation and associated DNA
damage, antioxidant genes may be activated to diminish the IV. ERK1/2 Played a Role in AAI-Triggered ROS
ROS generation caused by environment stimuli. Among
these antioxidant response, transcription factor Nrf2 works
It has been shown that oxidative stress caused by stimuli
as a master regulator and binds to the antioxidant response may be associated with MAPK signaling pathways(14).
element (ARE) in the upstream promoter region of many Therefore, we evaluated whether AAI can activate MAPK
antioxidative genes(22-23). Therefore, HK-2 cells were tran- pathways in HK-2 cells. Exposure of cells to 200 µM of AAI
siently transfected with pARE/Luc before exposed to AAI resulted in both ERK1/2 and p38 phosphorylation (Figure
for 24 h. As shown in Figure 4A, AAI at a concentration 5), but not JNK pathway (data not shown). In addition, the
of 200 μM was able to up-regulate the level of luciferase presence of GSH did not affect the activation of ERK1/2 or
reporter activity in HK-2 cells, suggesting that after induc- p38. The presence of U0126, a specific MEK1/2 inhibitor,
tion of ROS formation by AAI, antioxidant genes with significantly down-regulated the signal of phospho-ERK1/2
Nrf2 binding site in the promoter regions may be activated. induced by 200 µM of AAI (Figure 6A). Furthermore,
Therefore, we further examined the expression level of the
(A) U0126 dramatically decreased the ROS level stimulated by
HO-1 gene, which is known to be induced by oxidants in AAI. However, preincubation of cells with either SB203580
mammalian cells(24) and has a predicted Nrf2 binding site or SB202190, two p38 pathway blockers, did not show any
on its promoter(23). Western blotting demonstrated that substantial effect on ROS level (Figure 6B), indicating that
ERK1/2 signaling, but not the p38 pathway, partially contributes to AAI-induced ROS generation.
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Figure 3. AAI induced DNA damage in HK2 cells. HK-2 cells were
treated with solvent (control) or various concentrations of AAI for
24 h. Treated cells were subjected to a comet assay and the images
from fluorescence microscopy are shown in (A). (B) The densities of
cell images and the tail moment values were analyzed and calculated
using computer software. All the data are expressed as the mean ±
SEM from four independent experiments.* Significant difference
(** p < 0.01) compared to the solvent-treated control.
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Figure 4. (A) AAI increased the luciferase activity of Nrf2 binding
element. HK-2 cells were transiently co-transfected with p2xARE/
Luc and β-galactosidase plasmids, and then incubated with solvent
or various concentrations of AAI for 24 h. The cells were lysed and
analyzed for luciferase and galactosidase activities as described
in the Material and Methods section. The result is an increased
luciferase activity which has been normalized to the constitutively
expressed β-galactosidase activity. Data are expressed as the mean ±
SEM from at least three independent experiments. (B) AAI did not
induce the expression of the HO-1 gene. HK-2 cells were treated with
solvent, AAI or NaAsO2 for 24 h and then the level of HO-1 protein
was analyzed by Western blotting using antibodies specific to HO-1.
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200 µM of AAI for another 24 h. MAPK activation was estimated by Western blotting using antibodies that recognize (A) phosphorylated/
(B)The relative phospho-ERK/ERK and phospho-p38/p38 ratios were deterparent forms of ERK1/2 or (B) phosphorylated/parent forms of p38.
mined by densitometric analyses of three independent experiments and expressed as the mean ± SEM. * Significant difference (*p < 0.05,
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Figure 6. Effects of MAPK inhibitors on AAI-induced ROS and DNA damage. (A) HK-2 cells were pretreated with U0126 (MEK1/2 inhibitor)
for 1 h and then co-incubated with solvent or 200 µM of AAI for another 18 h. Western blotting was conducted using antibodies specific to
phosphorylated/parent forms of ERK1/2. The relative phospho-ERK/ERK ratio was determined by densitometric analysis of three independent
experiments. (B) HK-2 cells were pretreated with p38 kinase inhibitors (SB203580/SB202190) or U0126 for 1 h and then co-incubated with
AAI for another 18 h for ROS determination, or (C) co-incubated with AAI for another 24 h for DNA damage analysis by Comet assay and the
images from fluorescence microscope were analyzed with the computer software to calculate tail moment values. All the data are expressed as
the mean ± SEM from at least three independent experiments. * Significant difference (** p < 0.01) compared to the paired group.
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V. Both ERK1/2 and p38 Pathways Involved in AAI-triggered
DNA Damage
To further investigate the role of MAPK in AAI-induced
DNA damage, HK-2 cells were pretreated with SB202190 or
U0126 for 1 h, and then co-exposed to AAI for another 24 h.
The tail moment values of the treated cells were determined
by Comet assay. Figure 6C demonstrated that AAI-induced
DNA damage could be inhibited by either SB202190 or
U0126, suggesting that both ERK1/2 and p38 signaling pathways are involved in AAI-induced DNA damage. Taking the
aforementioned results together, a model for AAI-induced
oxidative stress in HK-2 cells is proposed in Figure 7.

DISCUSSION

Figure 7. A proposed model for AAI-induced oxidative stress in
HK-2 cells.

AA, a mixture of AAI and AAII, is a natural component
in herbal extracts of various Aristolochia species. Some of
the Aristolochia species have been widely used in traditional
Chinese medicine as anti-rheumatics, diuretics and in the
treatment of oedema for thousands of years, but the components AAI and AAII are suspected to cause nephropathy in
the past two decades(25). Herbal remedies containing Aristolochia species have been classified to be carcinogenic to
humans (Group 1) and the mixtures of AA are considered as
probable carcinogens to humans (Group 2A)(26). Most European countries and Taiwan have banned the use of certain
Aristolochia species in herbal medicines. However, many
commercialized products are still contaminated with AA
because of misuse in drug preparation or confusion of close
vernacular Chinese names(27).
Our results provided evidence that AAI induces both
ROS formation and DNA damage in HK-2 cells, which
is consistent with the recent findings of Chen et al.(28) By
subjecting the RNA from AA-treated HK-2 cells to microarray experiments, they observed that genes involved in DNA
repair processes, DNA damage stimuli, and apoptosis were
significantly regulated by AA treatment, suggesting that
down-regulation of DNA repair gene expression is a possible
mechanism for AA-induced genotoxicity. On the other hand,
treatment of HK-2 cells with 200 µM of AAI resulted in a
significant increase in the luciferase activity of antioxidant
response element (ARE) containing promoter (Figure 4A).
Nrf2 is a transcription factor which binds to the ARE (also
named Nrf2 binding site) in the promoter region of many
anti-oxidative genes(22-23). The HO-1 gene, which can be
induced by many oxidants, such as hydrogen peroxide, heavy
metals, ultraviolet radiation or sulfhydryl reagents, harbors
a predicted Nrf2 binding site on its promoter. However, it
was not successfully induced by the presence of AAI. This
suggests that Nrf2 does not play a critical role in defending
the oxidative stress stimulated by AAI. Chen et al.(28) also
reported that the mRNA levels of two genes, GADD45B
(growth arrest and DNA damage-inducible gene) and NAIP
(NRL family-apoptosis inhibitory protein) were up-regulated corresponding to AA treatment. Using software for

prediction, we found that the Nrf2 binding site was only
found in the promoter region of GADD 45B, but not in that
of the NAIP gen.
Adding GSH, but not NAC and Tiron, into HK-2
cultures effectively attenuated the ROS levels induced by
AAI (Figure 2B). Furthermore, AAI stimulation resulted
in the GSH depletion in HK-2 (Figure 2C), implying that
GSH depletion may be the major factor contributing to AAIinduced oxidative stress. A similar phenomenon was also
observed in AAI-treated HL-60 cultures; exposure of HL-60
to 200 µM of AAI for 30 min led to the GSH level dropping to 55% of the control (data not shown). The intracellular
GSH level is generally considered to be closely correlated
with ROS generation(29). Many studies have indicated that
unstable ROS molecules after exposing to stimulators can be
diminished by interacting with the cysteinyl moiety of GSH,
and then the phenomenon of GSH depletion is subsequently
observed. Since certain organic anion transporter in rats
serves as a bidirectional transporter for the organic anion/
GSH exchange, it is possible that AA induced-GSH depletion
is mediated by GSH efflux through GSH/AA exchange(30-31).
Treating HK-2 cells with 200 µM of AAI activated both
the phosphorylation of ERK1/2 and p38 MAP kinase (Figure
5A and 5B); both pathways were associated with the DNA
damage caused by AAI (Figure 6B). However, AAI-induced
ROS was selectively reduced by inhibition of the ERK1/2
pathway, but not p38 kinase (Figure 6A), indicating its dependence on MEK/ERK1/2 activation only. Several studies have
mentioned that under certain circumstances, MEK/ERK1/2
signaling plays a pivotal role in ROS induction, but the exact
molecular mechanism has not been fully elucidated(32,33).
Taken together, these results suggest that in addition to ROS,
factors correlated with the p38 kinase pathway may also
contribute to AAI-induced DNA damage. It is well known
that the carcinogenic and mutagenic effects of AA are associated with the formation of AA-derived DNA adducts (34).
AAI has been found to bind covalently to the exocyclic amino
group of purine nucleotides in DNA samples isolated from
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patients with CHN(35). Therefore, it is highly possible that the
DNA damage shown in the SCGE assay resulted from both
ROS attack and DNA adduct formation.
In summary, as shown in Figure 7, treatment of HK-2
with AAI resulted in the activation of ERK1/2 and p38 kinase
pathways. The generation of DNA damage occurred via both
the ERK1/2 and p38 pathways, whereas ROS generation
occurred only through ERK1/2 cascade. High levels of ROS
induced by AAI may also trigger an Nrf2-mediated antioxidant response.
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